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Abstract 


An efficient scheme for developing test generators and fault simulators for regular 
circuits has been presented. An attempt has been made to show the usefulness of the 
property of compattbility between pseudo-sequential inputs and outputs of regular 
circuits. It has also been shown that test generators and fault simulators for regular 
circuits using the bus fault model and utilizing the concept of compatibility can be 
significantly faster than their gate-level counterparts. The approach is hierarchical 
since the algorithms start at a high level of abstraction and slowly unfold the modeled 
circuit while in pursuit of compatibility and consequent parallelism. The concept 
of state transition graphs has been used and it has been shown that attainment of 
compatibility is equivalent to obtaining a loop in the state transition graph. 

The algorithm has been implemented to develop test generators and fault simu- 
lators for both combinational and sequential circuits. The results indicate a consid- 
erable speedup over conventional test generators for the regular circuits tested. A 
design technique for easily testable and fault-tolerant regular circuits has also been 
presented. 
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Chapter 1 
Introduction 


Rapid advances in circuit design and device fabrication processes in the last two 
decades have resulted in very large-scale integrated (VLSI) circuits containing mil- 
lions of transistors. Such a large number of components in VLSI circuits has greatly 
increased the importance and difficulty of testing such circuits. 

Designing of VLSI circuits has been simplified to a great extent by the develop- 
ment of systematic and computer-aided design (CAD) techniques that allow ciicuits 
to be designed and analyzed effectively at various levels of abstraction. However, 
the techniques for testing these circuits have not been developed at the same pace 
as others. While VLSI circuits are often designed and studied at a high level of 
abstraction, current test generation techniques usually require a low level model of 
the circuit. This leads to an enormous number of components in the circuit model 
and a consequent increase in the test generation time. Moreover, the possible advan- 
tages of the presence of repetitive sub-circuits and other important features remain 
unexplored during gate level test generation. 

This problem was addressed by some researchers [BH90] by developing circuit 
and fault models at the high-level and formulating a hierarchical test generation 
procedure for combinational regular circuits. Though their test generator achieved 
a significant speedup over gate-level test generators, it did not have a complete fault 
coverage. In our work, we have tried to develop a methodology that uses the above 
model and achieves a better fault coverage for regular combinational circuits while 
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preserving the speedup over conventional gate-level test generators. The scheme 
has been extended to regular sequential circuits also. A hierarchical fault simulator 
which exploits the features of regular circuits and achieves considerable speedup over 
gate-level fault simulators has also been developed. Finally, a scheme for designing 
fault-tolerant regular circuits is presented. 

In section 1.1 we define the basic terminology and the testing concepts used. 
Section 1.2 briefly surveys the relevant existing test techniques. Section 1.3 gives a 
brief outline of the presented technique while section 1 .4 gives an outline of the rest 
of the chapters. 


1.1 B ackgr ound 

Digital system testing deals with hardware faults, which are improper states of a 
digital system resulting from failure of components, physical interference from the 
environment, operator errors, or incorrect design [Avi75]. When there is a wrong 
output in response to a certain set of inputs due to a fault, the fault is said to 
produce an error. A set of input signals which causes the output of the circuit to 
be erroneous is said to detect a fault. The set of input signals is said to locate the 
fault if it is able to identify the faulty signal line. 

The three basic steps in testing a digital circuit are test pattern generation, 
test pattern application and response verification. Input sets with ability to detect 
faults are generated by a test generator — these are applied to the circuit under test 
(CUT) and the responses of the CUT are verified by comparing them with known 
good responses. The CUT is faulty if its response does not agree with that of the 
correct value. 

The fault model used usually at the gate-level is the single stuck-line model which 
assumes that any signal line in the CUT can be stuck at logical 1 or 0 while the 
circuit components (gates) are fault-free [Eld59]. The SSL model also assumes that 
at most one line in the CUT is stuck-at-0 or stuck-at-1 at a time. 
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1.2 Test Generation for Combinational Circuits 

A majority of the test generation techniques for combinational circuits use a gate- 
level model of the circuit and the SSL fault model. Some of these aie the D- 
algorithm, PODEM and FAN. 

The D-algorithm wa^ defined by Roth [Rot66]. The algorithm derives its name 
from the set of signal values S = [0, l,x, Z>, £)] used to describe the state of a line 
in the circuit during test generation. The assignment of value D to a line means 
that the line carries the signal 1 in the fault-free circuit and carries the signal 0 in 
the faulty circuit whereas the assignment of value Z) to a line means that the line 
carries the signal 0 in the fault-free circuit and the signal 1 in the faulty circuit. 
The value x denotes an uninitialized line. To generate a test pattern for a fault, the 
algorithm searches through the set of possible signal assignments to all the paths 
in the circuit such that the fault-effect can propagate through at least one of those 
paths to a primary output. This is called the sensitized path. 

PODEM (Path oriented DEcision Mahing) [GoeSl] directly searches the set of 
possible input patterns to obtain a test for a given fault. Assignments are hence 
made to primary inputs directly. It actually uses a branch and bound technique and 
manages to reduce the number of backtrackings compared to that of D-algorithm. 

FAN [FS83], though based on the basic concepts of PODEM, uses various so- 
phisticated techniques to reduce the number of backtracks and is significantly faster. 
SOCRATES [MMSS88, SA89, KP93] and Recursive Learning [KP94] are all based 
on the basic concept of FAN but use various learning techniques to speed up the 
test generation process. 

Test vector generation for sequential circuits is considerably more complex than 
that for combinational circuits. Many of the conventional test generators for se- 
quential circuits are based on methods available for combinational circuits and use 
a loop-free iterative array model of a sequential circuit. This is also called the time- 
frame expansion technique and seeks to generate a sequence of test vectors one time 
frame after another. 
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1.3 Outline of the Present Work 


The present work deals with regular circuits, both combinational and sequential. 
The circuit and fault models (described in detail in Chapter 2) developed by Hayes 
and Bhattacharyya [BH90] have been used. The test generation method developed 
by them does not have complete fault coverage since the incompatibihties [BH90] 
between the interconnecting signal lines connecting vaxious repetitive sub-circuits 
are not resolved. The approach developed by us tries to resolve incompatibility 
wherever possible and this leads to an enhanced parallelism in the test generation 
process and a consequent reduction of the test generation effort. The concept of the 
state transition graph has been used to solve the problem of incompatibility. This 
basic scheme has been applied to both combinational and sequential regular circuits 
with good results which show the feasibihty of the approach. The same scheme has 
been used to develop techniques for efficient fault simulation and fault-tolerance. 


1.4 Overview of the Other Chapters 

Chapter 2 explains in detail the circuit and fault models and the basic test gen- 
eration scheme used. Chapter 3 shows the application of the scheme to regular 
combinational circuits. Chapter 4 shows the application of the scheme to regular 
sequential circuits. Chapter 5 explains the fault simulation technique based on the 
same concept. Chapter 6 explains the design technique for regular circuits for easy 
fault-diagnosis and fault-tolerance. Chapter 7 concludes the thesis. 
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Chapter 2 

The Test Generation Scheme 


Structured design for testability techniques such as scan design [MAF90], along with 
powerful test generators such as those using Recursive Learning [KP94], have consid- 
erably eased the test generation problem for large circuits. However, these gate-level 
test generation algorithms [GoeSl, FS83, MMSS88, CR94, KP94] employ test sets for 
logic gates considering them as basic building blocks of a circuit. But current design 
systems support hierarchical design consisting of conventional high-level modules 
such as adders, multiplexers, counters, decoders etc. along with repeated occurrences 
of identical sub-circuits which do not belong to any of the erstwhile mentioned con- 
ventional modules. In these hierarchically designed circuits, both conventional and 
unconventional high-level modules may be considered as basic building blocks and 
their features may be exploited to speed up the test generation process. While many 
existing high-level test generation algorithms [MH90, FSP85, SH81, TA80, BF80] 
make intelligent use of conventional modules by using precomputed test sets for 
them, they fail to exploit the repetition of unconventional modules. The motivation 
behind high-level testing is to avoid repetition of the test generation process for 
repetitive modules. However, many existing test generators are not able to accom- 
plish this goal fully. The algorithm, presented in this thesis, takes into account the 
repetitive nature of unconventional sub-circuits, and attempts to reduce the overall 
test generation effort. 
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2.1 Circuit Model 


The efficiency of test-generation for circuits with repeated sub-circuits can be im- 
proved, if the test vectors for the repeated sub-circuits can be generated in parallel 
by replacing them with a single module. The procedure adopted forms high-level 
sub-circuits by grouping together identical repetitive gate level sub-circuits [BH90]. 
Buses are formed from lines and the consequent circuit model consists of compo- 
nents such as word gates, multiplexers, adders, registers etc. connected with busses 
of appropriate sizes. The bus sizes are parameters reflecting the extent of parallelism 
exploited by the model, and may change depending on the level of absti action. This 
generalization of a number of single-bit lines at the gate level to a single multi-bit 
bus at the high level gives rise to some unique modeling issues. Feedback loops are 
introduced at the high level though the circuit is combinational at the gate level. 
These loops are essential to represent the fact that identical modules spaced peri- 
odically in the gate level model are mapped onto the same high level model. In 
order to represent repeated sub-circuits as a single module, fanout (FO) and merge 
elements (ME) are introduced. Some of the primary inputs and outputs of the high- 
level model are called pseudo-sequential inputs (PSI) and pseudo-sequential outputs 
(PSO) respectively. The term psedudo-sequential arises from the sequential nature 
attained at an intermediate level of modeling and also from the fact that those in- 
puts and outputs are not necessarily primary inputs and outputs at the gate-level. 
Some of the commonly used high-level components are shown in Figure 1. 

2.2 Fault Model 

The fault model, known as the bus fault model [BH90], is a generalization of the 
single stuck-at-line model [SSL] from single lines to busses and assumes that busses 
are stuck at some logic values. Since there is considerable experimental evidence 
indicating that a test set for all SSL faults provides very good coverage of the 
permanent faults encountered in practice, the SSL fault model has been used for 
estimation of fault coverage. This means that the fault coverage of our test generator 
is estimated in terms of the fraction of detectable SSL faults in the circuit. 
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Figure 1: High Level Elements 


It has been shown in [BH90] that around 80% of the SSL faults in regular circuits 
in general can be detected by test generation using the bus fault model without 
resolution of incompatibility. 


2.3 Test Generation Procedure 

A simple class of regular circuits consists of replicated modules in a one-dimensional 
array with no intermodule connections. The low level model of such a circuit con- 
sists of m copies of an arbitrary gate-level model C. Our high level model for this 
circuit then consists of word gates and regular fanout elements only interconnected 
by busses of size m. This high level model of the circuit does not contain any 
pseudo-sequential inputs or outputs. This property makes test generation for the 
high level model extremely easy. Another class of regular circuits consists of repli- 
cated modules connected in a one-dimensional format. The high-level model in this 
case, however, possesses pseudo-sequential inputs and outputs which makes test 
generation more complicated than that in the previous case. Circuits which are not 
fully regular and consist of varying numbers of inputs in different modules can be 
made regular by adding additional signals. The test generator, however, has to take 
care of these additional signals by applying non- controlling values to them during 


7 





(a) Gate Level Circuit (b) Modeled High-Level Circuit with feedback 



(c) Modeled High-Level Circuit without feedback 
Figure 2: High Level Modeling 


generation. 

A pseudo-sequential contraction (PSC) procedure was developed in [BH90], which 
converts the gate level circuit to an intermediate high level pseudo-sequential (PS) 
circuit having a feedback path and ultimately to a purely combinational high level 
circuit with busses of appropriate sizes, fanout elements and merge elements. The 
final high level circuit has a reduced number of components which implies a reduced 
number of modeled faults. Moreover, the representation of the iterative sub-circuits 
is by a constant number of components with only the bus size varying. The number 
of components, however, changes with the level of modeling. A block diagram of 
the different stages of modeling is shown in Figure 2. While the number of compo- 
nents increases linearly in a gate level model with increase in circuit size, the bus 
fault model ensures a constant number of components with the bus size increasing 
linearly. The linear increase in the bus size does not pose any significant problem 
since the complexity of the algorithm is largely independent of the bus size. Figure 
3 illustrates a gate-level circuit and the corresponding high-level circuit. 

The test generation algorithm looks for test vectors for a bus fault in the high 
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level circuit such that the test vectors detect all SSL faults on that line in any one 
of the identical modules. These test vectors can be generated in parallel. 

The algorithm has a number of advantages. First, the algorithm is independent 
of the abstraction and representation level of the used circuit and the fault models. 
Secondly, the grouping of identical modules into a single one and lines into a bus 
significantly reduces the number of target faults leading to a considerable reduction 
in the test generation effort. 

One of the main issues to remember while generating test vectors using the dis- 
cussed model is that the pseudo-sequential input busses are not directly controllable 
and the pseudo-sequential output busses are not directly observable. This means 
that simple propagation of the fault-effect to the PSO signal lines is not enough 
for generation of a valid test vector. It should be ensured that the fault-effect gets 
propagated to one of the primary outputs in the actual gate- level circuit. 

Also, if we are to attain parallelism in test vector generation, the PSI and PSO 
signal lines should have compatible values. Two vectors VI and V2, defined on 
the 5-valued set {0,1,D,D,X} are said to be compatible [BH90] with each other, if 
replacing all occurrences of D and D in the two vectors by 1 and 0 respectively, 
results in vectors VV and V2' such that VI' fl V2' ^ (ji>. In case of compatibility 
between PSI and PSO lines, the same input values can be assigned to the primary 
input of more than one sub-circuit. This leads to a significant reduction in the test 
generation effort. 

But, in many circuits, during test generation for a fault, it is impossible to attain 
compatibility at the very top level. This actually means that the test vector is not 
of the form, (xi,....,Xn)m, where (xi,....,Xm) represents the values of the primary 
inputs in the faulty module. In such a situation, the circuit is said to be pseudo- 
redundant at the high-level. In this case, the algorithm should be able to look 
for compatibihty after descending one level down the hierarchy. In the algorithm 
presented and implemented by us [CJ95b], we have tried to explore the possibility of 
using the bus fault model even if the circuit hcis been declared pseudo-redundant at 
the high-level. As an illustration, let us consider the circuit of Figure 4(a), and let us 
assume that the only test vector which can detect the fault in module 1 is 0111. The 
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(c) High Level Incompatibility (d) Resolving High Level Incompatibility 

Figure 4; Solution of High Level Incompatibility 


algorithm of [BH90] described above fails on encountering incompatibility, since the 
primary inputs required to be applied to all sub-circuits are not identical (the input 
for the first sub-circuit is 0, while the inputs to the other sub-circuits are 1). This 
has been illustrated in Figure 4(c). In this thesis, we have presented an algorithm 
to overcome the above problems in many cases where the above algorithm fails. 
The algorithm, initially, proceeds as described in [BH90]. However, on encountering 
an incompatibility, the high level circuit is unfolded one module at a time. While 
this searches the solution space implicitly and exhaustively, this also solves the 
incompatibility problem. Our algorithm succeeds in resolving incompatibility a.s 
has been shown in Figure 4(d). 


2.4 Overview of the Test Generation Algorithm 

The presented algorithm uses the high level circuit model and the bus fault model. 
In the most general case shown in Figure 2, each high level module has vector X 
= [a;i,....,a:„] as primary inputs and vector Z = [i:i,...., 2 :„] as primary outputs. The 
vectors Y = [yi,....,yp] (W = [it;i,....,u;r]) are the inputs (outputs) from (to) the other 
parts of the circuit, m denotes the bus size. A state transition graph (STG) can 
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Figure 5: Possible State Transition Graphs 

be drawn for this high level module, where the nodes represent the signal values 

Y or W. The arcs are labeled by signal values on X. As is shown in Figure 5, the 

transition from state Si to state S 2 has been effected by X= In the 

following discussion, (si, Xn)^ denotes the input vector (xi,....x„) repeated m 
times (one for each repeated sub-circuit). 

Test for faults is generated using any existing automatic test pattern generation 
algorithm for combinational circuits like PODEM [GoeSl], FAN [FS83] etc. If there 
is no incompatibility and the fault effect gets propagated to one or more of the 
Z-outputs, the test vector is automatically justified and the generated test vector is 
(zi,....,Xn)Tn- In this case, the state transition graph consists of a single node with 
an axe looping on it. 

But if there is an incompatibility, it only means that the input vector and the 
output vector of the faulty module differ. This implies that justification of the 
assigned inputs in the faulty module is not yet complete and our next task is to 
justify the assigned vectors Y and W through fault-free modules. In this oase, the 
state transition graph contains more than one node and the justification problem is 
equivalent to finding a loop in the graph starting from nodes representing vectors 

Y and W. If there is no loop present in the graph, the algorithm degrades to the 
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performance of a gate level algorithm. Heuristics are incorporated to find a loop 
in the state transition graph. In order to reduce both storage and computational 
complexities, only the necessary part of the state transition graph is scanned at any 
time. 

The efficiency of the algorithm depends on the efficiency of the search conducted 
for a transition to one of the existing states of the state transition graph. This 
search should always start from the highest numbered state assuming that states are 
numbered (as they are obtained) in an ascending order. This is essential since a loop 
of smaller size is always better — this directly follows from the aim of preservation 
of the high level model and the consequent reduction of components and faults. 

In the case of absence of a transition to one of the existing states, choice of 
the next state from many possible states is important and should be done in such 
a way so as to improve the chances of finding a loop in subsequent steps. Our 
approach tries to propagate the fault-effect to as many pseudo-sequential outputs as 
possible. This heuristic may not always be the optimal solution, but nevertheless, 
it is useful as has been shown by the results presented in the subsequent chapters. 
If the heuristic chooses the pseudo-sequential output values that do not lead to a 
solution, the algorithm ultimately backtracks and finds out the correct solution. 
Another possible heuristic may be choosing an incompatible vector for the pseudo- 
sequential outputs that has the least distance from the current highest numbered 
state. The success of this heuristic, however, shall depend on the components of the 
circuit. Algorithms can be developed for studying the parity of the various paths 
to a certain output of the PSI signal lines. This information may be successfully 
exploited to choose the bit to be made incompatible. 

The approach is hierarchical in the sense that starting from a high level of ab- 
straction, the algorithm slowly unfolds the circuit, i.e., it climbs down the hierarchy 
as incompatibility is reached. While coming down the hierarchy, the connectivity of 
the various modules should be preserved. This requires changing of the bus sizes, 
moving of fanout and merge elements and resetting the connections. The various 
steps involved in the algorithm are enumerated below. 
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2.4.1 Preprocessing 

In the preprocessing phase, the functions implemented by the elements of the vector 
W are obtained in the following form. 

These are later used to construct Boolean equations. Though the complexity of this 
problem is not polynomial, it is not likely to be prohibitive since the number of 
components and lines is greatly reduced for a single module. Also, this is a one-time 
job and the resulting Boolean equations may be stored for later use. 

2.4.2 Handling Incompatibility 

The test pattern generation process for the hierarchically modeled circuit proceeds in 
a way similar to the algorithm described before. After every change in assignment of 
signal values to a pseudo-sequential input [PSI] or a pseudo-sequential output [PSO], 
a check is carried out for compatibility between the PSI and the corresponding PSO. 
In case of incompatibility, normal execution of the test generator is suspended and 
it enters a different phase in order to resolve incompatibility. This phase acts only 
on the module having incompatibility. Thus, at present, the state transition graph 
of the incompatible sub-circuit has only two states, the initial state represented by 
[yi,....,j/„] and the next state represented by [twi,....,tWn]- 

Figure 6(a) shows the initial hierarchically modeled circuit. Since the obtained 
test vectors are required to cover all single stuck faults on that signal line in all iden- 
tical modules, the final computation of the complete test vectors is done depending 
on the actual fault. So one of the following three cases can arise as shown in Figure 
6 . 

(1) The fault is present in the first module (Figure 6(b)). In this case, the vector 
[yi,....,y„] is the output of some other sub-circuit and hence is not considered any 
further in this phase. The justification of this vector is done in the main routine. 
The level of the representation now changes — the high level module having signal 
values of bus size m is unfolded into two sub-circuits, one having signal values of bus 
size 1 and the other having signal values of bus size (m — 1). The signal values on the 
vector [wi,....,u;„] of the sub^circuit having buses of size 1 is the same as the values 
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Figure 6: Possible Solutions of Incompatibility 


on the vector of the sub-circuit having buses of size (m — 1). Starting 

with the vector Y of this second sub-circuit, a search is made for a transition to one 
of the two existing states. This is done by replacing the known values of [s/iv-jJ/n] 
and the target in the Boolean equations obtained during preprocessing 

and then solving them. In case of contradiction in all search attempts, a new state 
is obtained and the process is repeated. 

(2) The fault is in the last module (Figure 6(c). This is similar to case 1, the only 
difference in the algorithm is the interchange of y’s and w’s. 

(3) The faulty module lies in between the first and the last in the series (Figure 

6(d)): This case is handled by separating the faulty module with buses of size 1 
from two other sub-circuits, one having buses of size p and the other of size q, where 
p + q = m — 1. The vectors [j/i,....,yn] and are then justified through 

fault-free modules. 

Depending upon the relevant case, the main routine computes the test vector. In 
case the fault effect is not propagated to one of the primary outputs in the present 
module, it must be propagated to the next module in the series. So while finding a 
loop or a new state, the algorithm checks for this case. So while compatibility has 
to be achieved, it cannot be done at the expense of propagation of the fault-effect. 
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This is why, the Boolean equation solver has to take care of 5-valued algebra. The 
Boolean equation solver uses a simple branch- and- bound technique. The results in 
the subsequent chapters indicate the feasibility of the approach. 

This basic algorithm has been used to develop test generators for both combi- 
national and sequential circuits with repetitive circuits. Chapter 3 describes this 
algorithm in the context of combinational regular circuits while chapter 4 explains 
the extension of this algorithm for sequential regular circuits. Chapter 5 describes 
a technique for fault simulation based on the same algorithm. 
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Chapter 3 

Test Generation for Regular 
Combinational Circuits 


The test generation algorithm for regular combinational circuits proceeds along the 
line of the algorithm described in the previous chapter [CJ95b]. The test generation 
algorithm has been developed over and above a conventional test generator. So apart 
from the usual modules, the other modules required are for handling incompatibility. 


3.1 The Algorithm 

The pseudo-code of the algorithm is given below. 


preprocess 0 
begin 

for all outputs in vector W 
begin 

express output in terms of inputs 
Store this information 

end 
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/* end of preprocessing */ 


/* The following routine handles incompatibility. Since the gate-level circuit con- 
sists of m instances of the module, search for a loop is done at most (m - 1) times 
since one instance is already finished */ 
handleJncompatibilityO 
begin 

initialize the state transition graph 

for i = 1 to m - 1 

begin 

search Joop() 

if (searchJoopO returns success) 
begin 

update the state transition graph 
return 
end 

findjaewjstate() 

if (find_new_state() returns failure) 
return(redundant fault) 
update the state transition graph 
update vectors Y and W 
end 
end 

/* end of handling incompatibility */ 

/* This routine searches for a loop to one of the existing states of the state transition 

graph */ 

searchJoopO 

begin 

set the search count 

for i = search count downto 1 
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begin 

set the vectors Y and W 
solve_equation(Y,W) 
if (solvejequation() returns success) 
return the vector X with success 

end 

return failure 
end 

j* end of searching loop */ 

This routine finds the next state in the STG */ 
find_new_state() 
begin 

propagate the fault from vector Y to vector W 
assign W to next state 
end 

/* End of finding new state */ 

/* This routine solves equations */ 

solvejequation() 

begin 

solve Boolean equations using branch-bound technique 
if (no solution) 
return failure 
else 

return success 

end 

j* End of solving equations */ 
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3.2 An Example 


Figure 7 shows an example where an incompatibility is encountered and resolved. 
The actual gate-level circuit consists of m modules, identical to the one shown in 
Figure 7(a). We assume that the fault is present in one of the intermediate modules. 
It is clear from the position of the fault that the fault effect cannot be propagated 
to the primary output of the faulty module. So it has to be propagated to the 
signal lines W of the faulty module. Figure 7(a) shows the necessary assignments 
to vectors X and Y for the fault to be excited and propagated to the next module 
in the series. But in order to do so, an incompatibility has been encountered in 
Figure 7(a). Hence the level of abstraction is changed and the new high level model 
consists of three modules, the faulty module and the two fault-free modules on its 
either side. 

Since the fault is in one of the intermediate modules, both the vectors W and 
Y will have to be justified for the fault to be propagated to one of the primary 
outputs. Figure 7(b) shows the justification of the vector W, obtained in Figure 
7(a), through fault-free modules. Figure 7(c) shows the justification of the vector Y, 
obtained in Figure 7(a), through fault-free modules. Figure 7(d) shows the complete 
state transition graph. The final test vector obtaiined is 0(00)p(ll)(01)g, where p + q 
= m — 1. It is clear that when m is large, this method gives a significant speed-up 
over gate level test generators. 


3.3 Implementation and Experimental Results 

The algorithm has been implemented in the C language on a DEC Alpha(DEC 2000). 
Since the algorithm requires both gate-level and high-level circuit descriptions to 
bring out its features, the conventional benchmarks which provide only a flattened 
netlist description have not been used to evaluate it. Either a translator should 
be provided or the benchmarks should be available in a hierarchical form in order 
to bridge the gap between circuit descriptions of conventional benchmarks and our 
present implementation. It has also been assumed that the locations of the repeated 
sub-circuits have been identified in the circuit description file. 
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Ckt. 

St 

Ls 

GL 

Algo 

HB’s 

Algo 

Our 

Algo 

time 

FC 

time 

time 


1 

20 

1.6 

100% 

1.6 

1.6 

cutl 

4 

71 

28.4 

45% 

7.1 

9.8 


8 

139 

417 

45% 

13.9 

19.6 


1 

37 

2.96 

100% 

2.96 

2.96 

cut2 

4 

145 

92.8 

84% 

17.4 

23.2 


8 

289 

3468 

84% 

34.0 

47.9 


1 

89 

17.8 

100% 

17.8 

17.8 

cut 3 

2 

176 

142.3 

90% 

70.4 

105.6 


4 


7013 

90% 

145 

231.8 


1 

30 

1.2 



1.2 

cut4 

4 



79% 

6.48 

7.56 


8 

212 

126.35 

79% 

13.72 

18.9 


Table 1: Combinational Test Generator ; Compaxative Results 


PODEM is used as the basic algorithm for the three ATPGs, shown in the table 
and the graph. Search for compatibility is based on solving Boolean equations which 
have been modified to handle 5-valued algebra. The Boolean equation solver uses 
the concept of branch and bound technique; the resulting algorithm is simple and 
results indicate the feasibility of the approach. 

Table 1 shows the performances of three algorithms, the conventional gate-level 
(GL), the technique mentioned in [BH90] (denoted by HB), and our presented algo- 
rithm for four circuits. St indicates the number of stages, Ls indicates the number of 
lines. Results were obtained with different number of stages to observe its effect on 
the time required by the different techniques. The fault coverage (denoted by FC) 
of the gate-level test generator and our presented technique has been found to be 
100% for irredundant faults and hence have not been listed in the table. The fault 
coverage of HB has been listed in the table. The time required by each technique in 
seconds is also shown in the table. 

CUT 1 is a regular circuit. As Table 1 shows, the fault coverage without consid- 
ering incompatibility is only around 45%. When incompatibility is resolved, fault 
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coverage reaches 100%. CUT 2 is a modified version of a ripple-carry adder shown 
in Figure 7. CUT 3 is a parity checker circuit. CUT 4 is based on the 74181 ALU. 
The gate- level and high-level descriptions of these circuits are available in [Dat85]. 

The time required to generate a test vector by our technique is almost constant 
for each fault irrespective of the number of stages. A substantial speedup over 
the gate-level test generator is obtained, especially, with increase in the number of 
stages. It has been seen (for the circuits listed in Table 1) that the loop size usually 
does not exceed 2 or 3. It was also observed that the number of times the modeled 
circuit has to be unfolded usually does not exceed 2. 
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Chapter 4 

Test Generation for Regular 
Sequential Circuits 


In this chapter, we present an extension of the test generation algorithm for regular 
sequential circuits [CJ96]. The chapter mainly deals with the modifications required 
for this class of circuits. 


4.1 Extension of the Test Generation Algorithm 
to Sequential Circuits 

The algorithm has been applied to sequential circuits with repetitive sub-circuits. 
The basic algorithm for finding test vectors for the modeled circuit remains the same 
as conventional test generators, the final sequence of test vectors being comprised 
of initialization, excitation and propagation vectors. Any of the existing sequential 
test generators such as [ea88] can be used for this purpose of finding the individual 
test vectors in the sequence for the high level model. But the problem of finding 
compatibihty between PSI and PSO of a sub-circuit has to be solved in every time 
frame. The algorithm assumes that the flip-flops are not in a scan chain. 

The salient features of the algorithm for sequential circuits are given below. A 
hardware reset is assumed to be available. However, the algorithm still works even if 
hardware reset is not available (in that case, number of time-frames in justification 
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phase may increase). 

Preprocessing Phase : 

Express each pseudo-sequential output as a boolean function of the pseudo-sequential 
inputs of the sub-circuit. 

Excitation Phase ; 

Step 1 ; Excite the fault using a single copy of the repeated sub-circuit. 

Step 2 : If any of the flip-flops is not in the reset state, enter into justification phase, 
else go directly to propagation phase. 

Justification Phase : 

Step 1 : This phase, often referred to as the initialization phase, is intended to find 
the sequence of test vectors that would take the circuit from the initial state to the 
excited state. The algorithm tries to work its way from the excited state (where 
at least one flip-flop has its output unequal to the reset state) to the initial state 
(where all flip-flops have their outputs equal to the reset value). Initially, we start 
with a single copy of the repeated sub-circuit and steps (2) - (4) are carried out for 
each test vector in the justification sequence. 

Step 2 : Check compatibility between PSI and PSO. 

Step 3 : If incompatibility is encountered, the high level circuit is unfolded one at a 
time, and incompatibility is handled using STG as in case of combinational circuits 
[CJ95b]. 

Step 4 • Either compatibility is encountered (i.e., a loop is found in STG [CJ95b]) 
or the algorithm degenerates to the performance level of a conventional gate-level 
test generator. 

Propagation Phase : 

Step 1 : Propagate the fault-effect to as many PSOs as possible, considering a single 
copy of repeated sub-circuit. 

Step 2 : If the fault-effect can not be propagated to any PSO, declare the fault to 
be redundant. 

Step 3 : If the fault-effect is propagated to only the feedback paths, check if any of 
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the non-feedback PSO depends on the feedback paths to which the fault effect has 
been propagated. If there is no such dependence, declare the fault as redundant. 

Step 4 ■ Check for compatibility in non-feedback lines. If incompatible, call routine 
for handling incompatibility which unfolds the circuit one sub-circuit at a time to 
find a loop in STG [CJ95b]. 

Step 5 : Either compatibility is encountered, i.e., a loop is found in STG [CJ95b], 
or the algorithm degenerates to the performance level of a conventional gate-level 
tnest generator. 

The ultimate loop size will be the maximum of loop sizes found in justification 
and propagation phases. Figure 8 illustrates the algorithm for test vector gener- 
ation for sequential circuits. The original circuit is first converted into the model 
appropriate for application of the proposed testing algorithm. For simplicity, the 
bus sizes, FO elements and ME elements axe not shown in the figure. The algorithm 
starts with a single copy of the sub-circuit. Excitation of the fault, shown in Figure 
8(a), and assignment of values to inputs so as to propagate the fault effect to the 
outputs results in Xi = ‘x’, X 2 = ‘O’, Vj = ‘x’, Wi = ‘1’ and Zi = ‘1’. Thus com- 
patibility is attained in this time frame and the STG consists of a single state with 
a self-loop. Since the fault effect is not propagated to a primary output but only to 
the feedback line, the next time frame has to be considered. The second time frame 
also starts with a single copy of the sub-circuit and attempts to propagate the fault 
effect to a primary output. This results in Xi = ‘x’, X 2 = ‘O’, Yi = ‘1’, Wi = ‘D’ 
and Zi = ‘D’ in the second time frame. Thus the fault effect gets propagated to 
a primary output in the second time frame but incompatibility is encountered. To 
solve this incompatibility, the hierarchy of the model is changed and the original 
modeled circuit is unfolded to form two sub-circuits as shown in Figure 8(b). A 
search for a loop is conducted and a loop is obtained in the second time frame of 
size 2. This is because with Xi = ‘x’, X 2 = ‘O’, Xz = ‘0’ and X^ = ‘x’, we get Yi = 
‘1’ and W 2 = ‘D’. Therefore Tj and W 2 are compatible. Thus the final size of the 
loop is MAX(1,2) = 2. The test sequence obtained is x(x0),n) 1(®00 x)to/ 2) assuming 
a series of m identical sub-circuits. 
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@_^0 

(b) 


Figure 8: An Example 


The example illustrates the method used in obtaining the test vector for a se- 
quential circuit. There is no limit on the number of lines connecting two identical 
sub-circuits. Every sub-circuit need not have a primary output. This will mean 
that the fault effect must be propagated through the series of modules The present 
implementation is able to handle this problem of propagation of the fault effect 
through intermediate fault-free modules. 
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Ckt. 

# 

Lines 

# 

F/F 

GL Algo 
Time(s) 

HL Algo 
Time(s) 

SN74S163 

98 

4 

8.95 

3.19 

SN54LS1'66A 

163 

4 

19.56 

7.22 

SN54LS190 

115 

4 

4.79 

1.65 

SN54LS299 

250 

8 

40.91 

6.14 


Table 2: Sequential Test Generator : Compaxative Results 


4.2 Implementation and Experimental Results 

The proposed algorithm has been implemented in the C language on a DEC Alpha 
(DEC 2000). Since the algorithm requires both gate- level and high-level circuit 
descriptions to bring out its features, the conventional benchmarks which provide 
only a flattened description, have not been used to evaluate it. Either a translator 
should be provided or the benchmarks should be available in a hierarchical form 
in order to bridge the gap between circuit descriptions of conventional benchmarks 
and our present implementation. While our proposed algorithm is for circuits with 
repetitive sub-circuits, the conventional benchmark circuits usually do not possess 
this feature and this is another reason why they have not been used. It has been 
assumed that the locations of the repeated sub-circuits have been identified in the 
circuit description file. 

The circuits listed in Table 2 are taken from [Dat85]. The first three circuits are 
various types of counters while the fourth one is a shift register. The number of lines 
and flip-flops in each of the circuits have also been tabulated. The number of flip- 
flops indicates the number of repetitive sub-circuits present in a circuit. As is shown 
in the table, a significant speedup is obtained for each of the circuits. However, in 
each of the cases, the speedup is less than the number of repetitions owing to the 
overheads involved in handling incompatibility, whenever self-loop is not obtained. 
The time required to generate a test vector using our technique is almost constant 
irrespective of the number of repetitive sub-circuits present in the actual circuit. 
This is why the speedup is more significant usually when the number of repetitive 
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sub-circuits increases. For example, test generation of a modified SN54LS299 after 
extending it to 16 repetitive sub-circuits has been seen to yield a speedup of more 
than 25. The fault coverage of the gate-level test generator (GL) and our proposed 
technique (HL) have been found to be 100% for irredundant faults for the circuits 
tested and hence have not been listed in the table. 

The basic algorithm used for the two ATPGs, shown in the table, is a modified 
version of the iterative array or time- frame expansion algorithm [MAF90]. Search for 
compatibility has been based on solving Boolean equations which have been modified 
to handle 5- valued Boolean algebra [CJ95b]. The Boolean equation solver uses the 
simple branch and bound technique. Though the solution of Boolean equations has 
an overhead associated with it, the time required by the technique never increases 
exponentially in terms of primary inputs since the loop-size has usually been found 
to reach a maximum of 3 for the repetitive circuits tested. 

In the present implementation, the preprocessing phase and the construction of 
the high-level model have not been incorporated, i.e., they have not been automated. 
The construction of the high-level circuit should take into account slight differences 
in repetitiveness of the sub-circuits and modify the original circuit accordingly. The 
time shown in Table 2 does not include that required for preprocessing which is a 
one-time job for any circuit. 
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Chapter 5 


A Fast Fault Simulation 
Technique for Regular Circuits 

Fault simulation is usually an important part of the test generation process for logic 
circuits. It may be used for various purposes, such as determining the fault-coverage 
achieved by a set of tests, analyzing behaviour in the presence of faults etc. It is 
often used along with the test generation process. As a test vector is generated, the 
faults are simulated using the test vector, and the detected faults are dropped from 

the fault set. This avoids the generation of too many tests for any one fault in the 
circuit. 

The typical input to a fault simulator thus consists of a circuit model, a list of 
input patterns and a list of faults applicable to the circuit. Fault simulation consists 
of simulating a circuit in the presence of faults. Comparing the fault simulation 
results with those of the fault- free simulation of the same circuit simulated with the 
same applied test vector T, we can determine the faults detected by T. 

A lot of research has gone into the development of efficient fault simulators. 
However, the speed of these simulators can be improved if these take the regularity 
of the circuit into consideration. The algorithm proposed by us tries to speed up 

the fault simulation technique by exploiting the features discussed in the previous 
chapters. 
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5.1 The Fault Simulation Algorithm 

The fault model employed is the single-stuck-at fault which means that the algorithm 
handles one fault at a time. The algorithm works best if the test vector applied for 
simulation has loops. The test generation method described previously always tries 
to choose such vectors, if possible. In absence of loops in the test vector applied to 
the regular circuit, the performance of our fault simulator, however, degenerates to 
the performance of a conventional fault simulator. 

The main steps of the algorithm are as follows : 

Step 1 : Check for presence of loops in the test vector. If there is no loop, per- 
form an ordinary fault simulation. Otherwise, proceed to step 2. 

Step 2 : If the loop in the test vector does not comprise of the sub-circuit hav- 
ing the faulty signal, proceed to step 4 else proceed to step 3. 

Step 3 : This step will be executed if the loops in the test vector (applied to the 
circuit) envelope the sub-circuit having the faulty signal line. First, an ordinary sim- 
ulation of the sub-circuits towards the left of the sub-circuit corresponding to the 
start of the loop is carried out. Then simulation of the sub-circuit having the faulty 
signal line is carried out. If the fault-effect gets propagated to the pseudo-sequential 
output of the sub-circuit, then compatibility of the PSO lines is checked with that 
of PSI lines. In Ccise of compatibility, no simulation is required for the sub-circuits 
towards the primary output of the faulty circuit. The simulation process can stop at 
this point, signaling detectidn of the fault. Thus this method achieves speedup over 
conventional methods since it does not need to simulate all portions of the circuit. 
If the fault-effect does not get propagated to the faulty sub-circuit, the simula- 
tion process terminates signalling non-detection of the fault since clearly that fault 
will never be detected by the test vector under consideration. Our algorithm can 
take this decision since it utilizes the structural information of the circuit, namely 
the repetitiveness of the circuit and the interconnections among various sub-circuits. 
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Ckt. 

Av. % of faults not 
Requiring Complete Simulation 

Cut 1 

78 

Cut 2 

61 

Cut 3 

64 

Cut 4 

59 


Table 3: Simulation Results 


Step 4 • If the loops in the test vector envelope sub-circuits towards the primary 
input of the faulty sub-circuit, then simulation of those sub-circuits can be speeded 
up by checking for compatibility. In cajse of compatibility, all the sub-circuits need 
not be simulated since the PSO signals of the various sub-circuits will be identical. 
If the loops in the test vector envelope sub-circuits towards the primary output of 
the faulty sub-circuit, the propagation of the fault-effect (towards the primary out- 
put), if any, can be speeded up in case of compatibility between PSI and PSO signal 
values. 


5.2 Implementation and Results 

A simplistic implementation of the algorithm has been carried out. Any conventional 
algorithm may be used to simulate the individual high level modules. The results for 
some of the regular circuits (taken from [Dat85]) show that for a large percentage 
of faults, simulation of the complete circuit was not necessary. The circuits are 
the same as those described in the earlier chapters. Table 3 shows the average 
percentage of faults for which complete simulation of the circuit was not necessary. 
This number has been seen to range from 50% to so high as 90% in some individual 
cases. This indicates significant speedup in the process of simulation. 
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Chapter 6 

Design of Fault-tolerant Regular 
Circuits 


Many VLSI circuits like adders, multipliers, decoders, parity checkers etc. con- 
sist of identical modules connected in a regular repetitive fashion. In presence of 
faults, such circuits are usually rendered unusable. However, a design consisting of 
a number of standby spare sub-circuits (identical to the repeated sub-circuit) and 
augmented with some redundancy capable of diagnosing and bypassing the faults 
will contribute towards the longevity of the usefulness of the chip. This chapter 
focuses mainly on the diagnosis and reconfiguration of the repeated sub-circuits so 
that the faulty chip continues to function properly [CJ95a]. The chapter also dis- 
cusses the overheads both in terms of extra hardware and additional time needed 
for fault-diagnosis and reconfiguration. 


6.1 The Scheme for Fault-Diagnosis and Toler- 
ance 

As discussed in previous chapters, the loop-sizes of the STG during test generation 
are usually small and the level of unfolding not very deep, the signal values at PSI 
or PSO repeat themselves at regular intervals in a fault-free circuit. Thus instead 
of computing the signal values at each and every output of the circuit under test 
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and then comparing them with fault-free values, we can simply check for repetition 
of PSI or PSO if the repeatability is known beforehand. It may be appreciated that 
this method is effective only if the test vectors are of a repetitive nature. Thus if a 
fault is detectable by more than one input vector, the one with more repetitiveness 
would be the right vector to choose for the diagnosis phase. The test generation 
procedure described above always tries to choose the right test vector from a set of 
valid test vectors. This aspect has provided the motivation to look for a new scheme 
for fault-tolerance using the above concept. 

The fault model employed here is the single stuck-at-fault model. We look for 
test vectors capable of exciting and propagating a fault to the output of a repeated 
sub-circuit and also having the capability to form a loop. 

The possible state transition graphs described before have been reproduced in 
Figure 9 for convenience. Figure 9(c) shows a vector of loop-size 1, i.e., a self-loop. 
Figure 9(d) shows a vector of loop-size n (n > 1). Figure 9(e) shows a vector which 
does not have a loop to the initial state but has a loop to an intermediate state, 
whereas Figure 9(f) shows a case where there is no loop. When test vectors with 
ability to form a loop are applied to the inputs of a circuit, some lines are found to 
be compatible in a fault-free circuit. If a fault detectable by the applied test vector 
is present, incompatibility in those lines is detected by the comparison circuitry and 
reconfiguration is performed. Figure 9(g) shows the modified circuit in the form of 
a block diagram. In Figure 9(g), the repeated sub-circuit is denoted by C. 

In order to obtain easy testability and a fault-tolerant design, some additional 
circuitry is needed in the form of multiplexers and logic gates. The 2-to-l multiplex- 
ers M, determine the source of inputs to a sub-circuit and are used for bypassing 
sub-circuits. The 2-to-l multiplexers A^, determine the signals to be compared for 
compatibility. These signal lines define the boundary of the test-window at any point 
in time. The control signals of the multiplexers have not been shown in the diagram 
for simplicity. When the control signal of a multiplexer is ‘O’, the input coming from 
the corresponding sub-circuit is passed to the output, whereas the output from the 
previous multiplexer is selected if the control signal is ‘1’. X represents an array 
of EX-OR gates followed by an OR gate. Two states of an STG are compatible 
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Figure 10: Multiple Faults 


only if all the lines are individually compatible. The outputs of all EX-OR gates 
corresponding to a sub- circuit are fed to an OR gate. The output of the OR gate in- 
dicates the result of comparison of the states — ‘0’ denotes compatibility, whereas ‘1’ 
denotes incompatibility. D and R are the diagnosis register and the reconfiguration 
register respectively. The length of these registers equals the number of repetitive 
sub-circuits. For each signal line interconnecting two successive sub-circuits, two 
multiplexers are required. An array of EX-OR gates and an OR gate are required 
for each sub-circuit. The number of EX-OR gates for each sub-circuit is equal to 
the number of lines interconnecting two successive sub-circuits. 

Though the basic fault model employed is the single stuck-at-fault, the same 
algorithm is expected to give error-free operation in presence of multiple faults, as 
can be seen by examining some possible cases as follows. 

Case 1 : Faults in the same module 

This situation has been shown in Figure 10(c). If the faults mask each other, the 
circuit is expected to operate without any error. If the faults don’t mask each other, 
any non-masked fault will be detected and the module bypassed. 

Case 2 : Faults in different modules 

Let us consider two faults at a time. If the faults are not encompassed by the test- 
window (Figure 10(a)), then the scheme is effectively similar to diagnosis of single 
faults since each of the multiple faults are considered one at a time. If the faults 
are encompassed by the test-window (Figure 10(b)), then either of the following two 
cases may arise. If the faults mask each other, the circuit is expected to coninue 
operating in an error-free manner. If the faults do not mask each other, then each 


36 





of the faults will be located as the window is shifted one module at a time. 

Case 3 : Other Faults 

This situation is the simultaneous occurrence of the previous two situations and 
the same scheme is expected to succeed here also. However, a particular situation 
deserves discussion. Let us assume that o, b and c are three faults occurring si- 
multaneously as shown in Figure 10(d). Let a and b mask each other while c be 
independent of the other two. So faults a and b will not be detected while fault c 
will be detected. But subsequently, when module number 3 is bypassed owing to 
detection of fault c, fault a becomes manifest and hampers the normal operation 
of the circuit. Our scheme takes care of this situation by repeating a pass if the 
previous pass led to bypass of some module. It may be inferred that in the worst 
case, the number of passes is equal to the number of faults present which is finite 
owing to the usual limit on the number of spare sub-circuits. 


6.2 The Reconfiguration Algorithm 

6.2.1 Test Generation Phase 

(1) The sub-circuit being repeated is preprocessed to find the test vectors for every 
fault. 

(2) For each of these test vectors, the existence of a loop is checked. Details re- 
garding search for a loop are given in [CJ95b]. 

(3) The test vectors are then ordered on the basis of smallest loop-size and maximum 
fault coverage with the former as the primary key. During the diagnosis phase, the 
test vectors are applied in this order till maximum fault coverage is obtained. 

6.2.2 Fault Diagnosis Phase 

Case 1: Test vectors having loop-size 1 


37 



(1) The control signals of all multiplexers M* are set to 0, thus forcing inputs of a 
module to come from the outputs of the previous module. 

(2) The control signals of all multiplexers are set to 0, thus forcing compari- 
son between input and output signals of every module. 

(3) The outputs of the OR-gates are stored in a shift register. 

(4) If all bits in the shift register are ‘O’, no fault has been diagnosed and no recon- 
figuration is required; otherwise the reconfiguration phase is entered, which consists 
of the following steps. 

(5) The reconfiguration register is loaded from the diagnosis register. 

(6) The bit of the reconfiguration register is the control input to the multi- 
plexer M,. 

Case 2: Test vectors having loop-size n (n > 1) 

(1) The control inputs of all multiplexers M» are set to 0. The control inputs 
of all multiplexers are initially set as follows : 

Ni,...,Nn-l = T’, Nn = ‘O’, iV„+a,...,iV 2 „_i = ‘1’, N2n = ‘0’ 

(2) The outputs of the OR-gates are stored in the diagnosis register. 

(3) li the diagnosis register contains all zeros, no reconfiguration is required since 
no fault has been diagnosed. 
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(4) If there is. a fault, which can be detected by the test vector, in any one module in 
a group of n modules, the first (n-1) bits of that group will be 0 and the bit will 
be 1. Let us consider this group as the faulty window in the diagnosis register. The 
actual faulty module is located by replacing one module at a time from the faulty 
window with one from a fault-free group. This uses several passes as described be- 
low. The n-bits of the reconfiguration register corresponding to the faulty window 
is loaded with S, where S= (100. ...00) initially. This means that the first module 
from the left of the faulty window is being bypassed in this first pass. 

(5) The control signals given to multiplexers N» are shifted 1 bit to the right with 
data input 1 at the left. This shifting is done once, only in the first pass. The faulty 
window is shifted only one place to the right. Since we axe considering only single 
faults, the fault-free sub-circuit to the right of the faulty window is used to replace 
one sub-circuit from the faulty window at a certain pass. 

(6) The outputs of the OR-gates are stored in the diagnosis register. 

(7) If the diagnosis register contains all zeros, the rightmost sub-circuit just left 
of the current window is the faulty module. The fault gets located and the recon- 
figuration register should be loaded appropriately as in the previous case of self-loop. 

(8) If all bits in the diagnosis register are not zero, a right shift is applied to S 
with data input ‘0’ at the left and the process is repeated by going to step (5). 

Case 3: Test vectors of the type shown in Figure 9(e) 

The number of transitions to the state from which the loop starts is counted. Also 
the number of transitions starting from the first state to the end of the loop is 
counted. Let these two counts be denoted by n and m. The control signals of the 
multiplexers are set as shown below. 

iV’i,...,A''„ = ‘O’, Nn+i,...,Nm-i = T’, Nm = ‘O’. The faulty window is from bit (n-fl) 
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to bit m. So .while shifting, only the bits in the faulty window and the next succes- 
sive bit should be manipulated. The other steps are similar to that for test vectors 
of loop-size n, where (n>l). 

Case 4: Test vectors of the type shown in Figure 9(f) 

In this case, the test generation phase does not achieve any speedup as compared 
to other methods since the special properties of a repetitive circuit cannot be used. 
However, the diagnosis phase locates the fault by bypaissing sub-circuits one at a 
time and then appropriate reconfiguration as in the previous cases is performed. 
Figure 11 shows a circuit consisting of a number of repetitive sub-circuits C. The 
sub-circuit C, which constitutes one block of the 74181 ALU [Dat85], has been shown 
in Figure 11. Let us assume that all the four sub-circuits together form the original 
circuit. The spares are not shown for simplicity. The faults have been shown in 
Figure 11. The test vector for faulty line # 2 is V 2 = 00(111100)(111000)3 and 
that for faulty line # 1 is VI = 10(111000)4. When V 2 is applied , according to the 
algorithm described above, the control signals of all multiplexers are set to zero. 
Since the test-window is comprised of sub-circuit C^-, the contents of the diagnosis 
register will be {dldd) where d denotes don’t care binary value. In the next phase of 
the algorithm, a shift is applied and the diagnosis register will contain (dOdd). The 
difference in the value in the second bit position of the diagnosis register indicates 
that the second sub-circuit is faulty. It is assumed that a fault-free spare replaces 
the faulty sub-circuit with appropriate reconfiguration as described in the algorithm 
before. When Vi is applied, the control signals of the multiplexers are set to zero 
and the diagnosis register contains (dddl). Since this is the same as case 1 of the al- 
gorithm above, we conclude that the fourth sub-circuit is faulty. The faulty module 
is subsequently bypassed. 


6.3 Results 

The algorithm was run on a number of circuits, each with a few spares, after 
injection of faults. The results are shown in Table 4. Cut 1 is a circuit which has 
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Ckt. 

Number of 
Stages 

Number of 
Lines 

Number of 
Faults 

Number of 
Spares 

Average Number 
of Passes 

Cut 1 

16 

289 

8 

3 

2.2 

Cut 2 

32 

1155 

12 

6 

4.8 

Cut 3 

16 

1520 

14 

3 

2.7 

Cut 4 

32 

968 

10 

6 1 

3.9 


Table 4; Reconfiguration Results 


been specially designed to bring out the salient features of our algorithm. Cut 2 is a 
modified version of a ripple-carry adder. Cut 3 is a parity checker circuit while Cut 
4 is based on the 74181 ALU. The faults have been injected randomly with the only 
restriction that the number of faulty modules does not exceed the number of spares. 
The average number of passes is based on around 100 simulations and exceeds one 
indicating that multiple faults are diagnosed. 
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Chapter 7 
Conclusions 


7.1 Summary 
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In this thesis, we have presented the test generation algorithm for combinational 
and sequential regular circuits. A fault-simulator based on this algorithm has also 
been discussed. An attempt has been made to show the usefulness of the property 
of compatibility between pseudo-sequential inputs and outputs of regular circuits. 
It has also been shown that test generators and fault simulators of regular circuits 
using the bus fault model and utilizing the concept of compatibility can be signifi- 
cantly faster than their gate-level counterparts. The approach is hierarchical since 
the algorithms start at a high level of abstraction and slowly unfold the modeled 
circuit while in pursuit of compatibility and consequent parallelism. The concept 
of state transition graphs has been used and it has been shown that attainment of 
compatibility is equivalent to obtaining a loop in the state transition graph. It has 
been found for the circuits tested that the loop sizes are usually small and the level 
of unfolding of the initial modeled circuit not very deep. Various heuristics have 
been suggested to solve the various problems involved and keep the complexity in 
-.heck. 

The algorithm has been implemented to develop test generators for both combi- 
tional and sequential regular circuits. The results indicate a considerable speedup 
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over gate level test generators for the circuits tested. A fast fault simulator, uti- 
lizing the features of repetitive circuits has been implemented. The results show 
the feasibility of the approach. Finally, a design technique for easily testable and 
diagnosable regular circuits has been presented. 

7.2 Future Directions 

The current work seeks to propose new techniques for testing and simulating regular 
circuits (both combinational and sequential) and show the feasibility of the tech- 
niques. However, further work can be done to increase the efficiency and scope of 
the techniques used. Some possible directions for this are now discussed. 

A basic assumption of our implementation is that both the high and the low- 
level models of circuits under test, and the locations of the repeated sub-circuits, are 
known. However, present benchmarks provide only a gate- level model of the circuit. 
This requires automatic identification of the regularity in the gate-level circuit and 
generation of the high-level circuit replete with high-level modules like fanout ele- 
ments, merge elements, buses of appropriate sizes and the like. Our implementation 
takes a simplistic view of this situation and requires the user to provide all this infor- 
mation. Though the general problem seems to be intractable, work may be carried 
out to improve upon the user-interface and move part of the onus of development of 
the high-level model from the user to the program. A solution for a particular set 
of circuits may also be explored. 

The Boolean equations may be represented in some alternative form like binary 
decision diagrams (BDDs) which may facilitate faster processing. Also, the presented 
concepts can be utilized in designing a scheme for synthesis for testability. 

The fault simulator implemented by us does not use any sophisticated simulation 
algorithm. Work may be carried out to develop a full-fledged, efficient fault simula- 
tor which uses the hierarchical approach proposed by us over a basic sophisticated 
tedinique like the concurrent approach. 

The design technique for easy diagnosability of regular circuits can be studied in 
more detail to understand the various types of masking of faults in case of multiple 
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numbers of them. A formal technique can be developed to come up with a higher 
confidence in such circuits. 
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